It is important to understand whole body vibration (WBV) since it affects comfort and is important in worker health and performance. Although discomfort can be subjectively evaluated, the ISO 2631-1 standard predicts discomfort based on vibration magnitudes, frequencies and durations. The objective of this study was to determine whether the ISO 2631-1 prediction method produces similar results to self-reported discomfort levels during routine heavy machinery operations in the field. While working under normal conditions, 6 df seat-pan vibration data were recorded in construction, mining, and forestry vehicles. At 5-minute intervals, operators rated their discomfort based on the preceding minute of vibration exposure. Discomfort was predicted from the vibration total value for each corresponding one-minute vibration profile. Each industry showed consistent trends between the predicted and selfreported discomfort; however, there were different relationships between industries. Construction showed a weak positive relationship (r 2 =0.09) between predicted and self-reported discomfort values, whereas both forestry and mining showed no relationship. The predicted discomfort levels did not accurately represent self-reported discomfort; this is similar to some previous studies, but contrasts with other studies. This variability may be due to discrepancies with the prediction equations, or perhaps due to additional factors being incorporated into self-reported comfort measures, such as temperature, noise, and fatigue.
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WBV exposure produces systemic effects on the body, but the most commonly reported problem is back pain. More specifically, a review of epidemiological studies on the effects of occupational WBV has shown that the most frequently reported adverse health effects were increased risk for low back pain, sciatic pain, and early degeneration of the spinal system, including lumbar intervertebral disc disorders [3, 4] . In addition, epidemiological studies support a dose-response association between WBV and low back pain [5] . When comparing the effects of mechanical and psychosocial factors in reporting pain and work loss in occupational drivers, those with higher total long-term exposure to WBV reported significantly more low back pain than those with less exposure to WBV [6] . Furthermore, longterm WBV exposure was the strongest predictor of length of sick leave associated with low back pain [6] .
In addition to health in the workplace, worker performance is a critical factor in environments that include both transportation and information systems. More specifically, operator cognition, perception, and motor response in land-based transportation industries are consistently at risk of impairment from WBV effects [7] [8] [9] . Twisted posture combined with WBV, as is typically experienced during the operation of forklifts, some mining, forestry and agricultural equipment [10, 11] , degrades task performance [12] ; the combination of stressors increases reaction time and workload, subsequently increasing worker frustration and discomfort [12] . Furthermore, driving and heavy machine operation involving manual tasks, such as operating controls and vehicle steering. Vibration-related performance error is most evident during simple manual tasks in which small or precise movements of the hand are required; degradation in performance is caused by the vibration experienced at the hand-control interface [13] . While driving, visual disruption can also be a major cause of performance degradation due to vibration at the head [14] .
Hancock and Warm's Maximum Adaptation Model has been used to describe the effect of WBV on discomfort and work performance [8] . This model states that workers are usually able to adapt to input disturbances to maintain the required performance capacity; however, as stress increases through increased intensity or duration, adaptation progressively fails. As the operator becomes more uncomfortable, their attention is shifted away from performance in order to restore previous levels of comfort and health. Similarly, Hockey's Compensatory Control Model supports that workers may maintain observed performance by increasing effort or changing their work strategies [7] . Furthermore, fatigued operators are more likely to adopt low-effort and higher-risk performance strategies resulting in a decrement in performance [8] .
Assuming that physical discomfort is a preliminary sign of future musculoskeletal pain and health problems [15], awareness of discomfort and pain may help reduce operator injury. However, it is difficult to evaluate discomfort because it is entirely subjective; reactions to given vibration magnitudes depend on the subject's expectations of trip duration, types of activities that need to be accomplished, and many environmental factors [16] .
The current International Standard ISO 2631-1 predicts comfort ratings based on vibration magnitudes, frequencies, and durations [16] . The ISO standard was developed based on laboratory findings showing that humans are more perceptive to certain frequencies, directions, and amplitudes of vibration [17, 18] . Although most studies have evaluated either one or two vibration directions at the same time, the results show that there is a certain pattern of perception for each direction and location, reflecting the frequency weighting curves of the standard [19] . This standard was designed to help researchers define, via objective discomfort ratings, the levels of vibrations that may cause negative health effects. Griffin has suggested that comfort measures are a good way of defining the frequency weightings for health and comfort effects of WBV [14, 20] .
However, previous reviews of the standard and its guidance on measuring and evaluating comfort have identified limitations [17] . The ISO standard was developed based primarily on single axis vibrations, most commonly the vertical Comparison between ISO 2631-1 Comfort Prediction Equations and Self-Reported Comfort Values during Occupational Exposure to Whole-Body Vehicular Vibration axis (Z). Although this exposure is typical in many vehicle and occupational vibrations, it has been observed that certain industries, notably mining, construction, and forestry, involve high levels of 6 degree of freedom (df) vibrations [21] [22] [23] . With this in mind, the ISO standard may not reflect the contribution of the interaction between the different directions of vibrations and how it may influence discomfort. Dickey et al. [20] found that vibrations in the Z-axis and XY plane had lower reported discomforts compared to XZ and 6 df vibrations with the same vibration intensity. Furthermore, they found that single axis vibrations were typically associated with less discomfort than multi-axis vibrations for similar vibration total values. Finally, they inferred that a more comprehensive study of multi-axis vibrations was needed to facilitate the incorporation these factors into the ISO 2631-1 standard.
Interestingly, the ISO standard has been a good predictor of discomfort in certain industries. Studies have shown a strong relationship (r 2 = 0.97) between subjective and objective measures when assessing forklift operator ride-quality using the ISO standard [24] . On the other hand, other studies predicted discomfort scores in mining operators using WBV exposure values and reported that subjective discomfort scores were not strongly correlated (r = 0.18) to ISO discomfort scores [25] The objective of this study was to determine whether the standardized comfort prediction method from ISO 2631-1 produces similar results to field comfort ratings in forestry, construction and mining industries. The central hypothesis is that the ISO 2631-1 prediction method will accurately predict discomfort levels for given acceleration exposures and will be equivalent to concurrent subjective discomfort ratings.
METHODS 2.1 Vehicle Vibration and Participants
WBV exposure was previously measured during the operation of mining [26] , construction [22] , and forestry [23] equipment along with recording operator discomfort reports. WBV was measured in 13 mining vehicles, 8 forestry vehicles, and 15 construction vehicles.
The severity of the whole body vibration exposure varies depending on the work site, vehicle type, task performed, vehicle loading and driving speed. Each vehicle was measured for 60-minutes to get a representative sample of tasks performed during the whole workday. The seat-pan vibration data were transduced using custom instrumentation based on a MEMSense MAG3 sensor (MEMSense, SD, USA) embedded in a shaped rubber seat-pad [20] . All data were recorded as linear accelerations and angular velocities at a 500 Hz sampling rate.
Discomfort Measurement
Each vehicle operator was equipped with an MP3 player that played a series of 2second audio tones at 5-minute intervals during normal machine operations. Following the audio tone, operators verbally rated their discomfort due to WBV based on the preceding minute of vibration exposure. The verbal rating was recorded on the audio channel of a digital video camera (Sony DCR-PC 109) mounted to the roof of the operator cabin. A subjective discomfort scale of 0-9 was used [27] , where 0 equated to no discomfort and 9 equated to extremely uncomfortable.
Vibration Analysis
Raw sensor data were downloaded onto a computer and all signal processing was completed using custom MATLAB programs (MathWorks, Natick, MA, USA). Angular velocities were numerically differentiated to calculate angular accelerations. Each one-minute vibration exposure profile associated with a verbal discomfort rating was separated and further analyzed according to ISO 2631-1 guidelines [16] . The appropriate weighting factors for comfort (x-axis = W d , k = 1; y-axis = W d , k = 1; z-axis = W k, k = 1; r x -axis = W e , k = 0.63 m/rad; r y -axis = W e , k = 0.4 m/rad; r z -axis = W e, k = 0.2 m/rad) were applied to the translational and rotational vibrations to calculate the frequency-weighted root-mean-square (rms) accelerations (a wx ; a wy ; a wz ; r wx ; r wy ; r wz ). The frequency-weighted rms accelerations for the translational and rotational axes were then combined to calculate the vibration total value (a v ); this represents the intensity of vibration for each oneminute vibration exposure as measured at the seat-pan.
Values for peak accelerations, crest factors (CF), and vibration dose (VDV) were also calculated and reported for both translational and rotational axes. As suggested by the ISO 2631-1 standards, we used a v when the CF was less than 9 and used VDV when the CF was greater than 9; the fourth power VDV method is more sensitive to acceleration peaks than a v [16] .
Discomfort Comparison
ISO 2631-1 reports likely discomfort reactions to vibration environments, as defined by ranges of a v values [16] . Predicted a v values and ISO discomfort reactions were compared to self-reported discomfort as rated by operators in the field.
The a v values were then condensed to a 0-9 point scale (Table I) based on previous work [25] . Bland-Altman plots were constructed for each industry to evaluate the agreement between the two methods of measuring discomfort [28] ; the difference between the pairs of scores, the bias (average difference) and the 95% limits of agreement were calculated and plotted.
Table I
Discomfort Ratings defined from the ISO 2631-1 vibration total value (a v ) ranges and discomfort levels to create a common scale for both the self-reported and predicted measures. Ranges used are based upon previous work by Grenier et al. [24] .
RESULTS
We collected 123 matched sets of comfort and vibration data; 45 sets were from 10 mining LHD vehicles, 18 sets of data from 6 forestry skidders and 60 sets of data from 15 construction scrapers. The ISO predicted discomfort and self-reported discomfort appear to be fundamentally different. The vibrations total value (a v ) data from the construction industry shows a weak positive relationship between predicted and self-reported discomfort values (r 2 = 0.09; Figure 1 ), whereas the data for the forestry industry shows a weak negative relationship (r 2 = 0.11) and the mining industry shows no relationship between predicted and self-reported discomfort (r 2 = 0.01). Considering the average ratings for each industry, the ISO predicted discomfort, based on likely reactions to vibration, was "very uncomfortable" for mining and forestry and "extremely uncomfortable" for construction, while the self-reported discomfort ranges were below 4.5 for each industry (Table II) . VTV for each industry compared to Self-Reported Discomfort for each one-minute vibration profile. Weak positive relationship is seen for the construction industry (r 2 = 0.09).
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Table II
Ranges of predicted and self-reported discomfort for each industry, including the average predicted discomfort and likely discomfort reaction based on ISO 2631-1. Self-reported discomfort ratings do not have an associated ISO discomfort (N/A).
Peak acceleration, CF, and VDV measures were compared to self-reported discomfort separately for each axis. There was no relationship between predicted measures and self-reported discomfort; all r 2 values were less than 0.19. The data was further analyzed by separating the a v data into high and low CF groups based on the median CF of each industry's data (refer to Table III ) to determine if occasional shocks or transient vibrations, as reflected in the CF values, influence the relationship between predicted and self-reported discomfort. The data with low and high CFs did not separate into distinct clusters although there was a small trend where low CF values tended to have higher vibration total values (approximately 0.5 m/s 2 higher; Figure 2) . Similarly with the overall data (Figure 1 ), there was no relationship between vibration total value and self-reported discomfort for the separate high and low CF data (r 2 = 0.04 and 0.11, respectively; Figure 2 ). The Bland-Altman plots show little agreement between the two methods for measuring discomfort as reflected by the large 95% limits of agreement ( Figure 3 ) indicating a high degree of variability between the two methods of rating discomfort. Biases were -1.29, -2.44, and -4.10, for mining, forestry and construction respectively; this indicates that predicted discomfort was consistently higher than self-reported discomfort. For the data collected in the mining industry, both methods were estimating discomfort to the same degree, indicating that both methods produce the same results and can be used interchangeably; however, both methods predicted discomfort poorly (low correlation). For the data collected in the forestry industry, there is general trend where lower discomfort scores underestimate the predicted discomfort and higher scores overestimate the predicted discomfort. However, these trends for mining and forestry industries are not important since there is only a weak correlation between self-reported and predicted discomfort (all r 2 values were less than 0.11). In terms of the construction data, the Bland-Altman plot indicates a larger variability between the two methods at low discomfort scores, while showing less variability and more agreement between the two measures at high discomfort ratings.
Figure 2.
Overall Vibration Total Value for z-axis compared to self-reported discomfort for construction industry only. VTV data was separated by high and low CF based on the median CF of the data. No relationship was seen when high and low CF is included.
Table III
CF median values for each industry, as used to define high and low CF values for Bland-Altman Plots.
DISCUSSION
The predicted discomfort levels did not accurately represent self-reported comfort; the expected trend that discomfort ratings would increase with increasing a v and VDV values was not seen. The comfort levels predicted by ISO 2631-1 were not strongly correlated to the discomfort levels reported by operators in the workplace.
It is important for the ISO 2631-1 prediction method to accurately predict discomfort ratings since discomfort can then be used as a good indicator of worker performance and future injury risk [8, 15 ]. If we can use the ISO method to calculate discomfort by measuring vibration at the seat-pan of a vehicle, then we can predict how much discomfort workers will experience during the workday. Vibration levels can be actively monitored, and if predicted discomfort ratings reach a certain threshold, the actions could be taken in order to improve discomfort and help sustain worker performance. This is also important when considering the reduction of workplace injuries due to WBV. In addition, the ISO prediction method may be used to optimize vehicles via dynamic modeling of prototypes before vehicle production to help reduce vibration-related discomfort [29] and to predict the relative importance of the various vibration directions and input locations [30] . However, since we did
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not observe a strong relationship between objective and subjective ratings, then it is not possible to interpret the predicted discomfort measures in this way.
It is difficult to predict comfort through a series of mathematical equations because discomfort is subjective; human responses to vibration are highly variable, both within and between individuals [29] , and context specific [31] . Field discomfort ratings may be biased for those operators who have habitually worked in a given environment for a long time. Long-term equipment operators may be so well acclimated to high vibration levels that their perception of discomfort is skewed; therefore, a more severe vibration is needed to register a response [25] . It is also important to consider a self-selection bias; workers who are less sensitive to vibration may stay in the industry, and those who are more sensitive to vibration dropout. Moreover, previously injured workers may come to work with high levels of discomfort and they may rate all the vibrations as severe [25] . Accordingly, workers consistently exposed to WBV in the workplace may either overrate or underrate their discomfort. Bland-Altman plots with 95% limits of agreement for (A) mining showing a large variability and little agreement between the two methods, (B) forestry showing a trend of ISO underestimating values at low discomfort and overestimating values at higher discomfort, and (C) construction showing high agreement between both methods at high discomfort ratings.
Furthermore, operators may be incorporating other factors into their discomfort ratings, even though they were asked to describe their discomfort due to WBV. Laboratory studies have shown complex interactions between vibration and noise [for example , 32] . Environmental factors such as temperature, noise, and workload play a large role in how much discomfort a worker is experiencing. These external factors affect worker perception, thus increasing discomfort [25] . The measurement and evaluation of vibration will always provide imperfect predictions of discomfort since discomfort is influenced by other factors than just vibration [29] . More controlled laboratory studies may alter the perception of discomfort compared to field studies. However, there will always be more uncontrollable factors in field experiments, so it is likely that there will also be a higher correlation between selfreported and predicted discomfort in laboratory experiments compared to field studies [33] .
The weak relationship between predicted and self-reported discomfort may also be due to our choice of one minute for the vibration exposures -this duration may be too long or too short for proper comparison with self-reported discomfort. Furthermore, there could be inconsistencies between the timing of the audio tone and when operators actually rated their discomfort. This would cause discrepancies between the timing of the accelerations profiles that were analyzed for discomfort and the reported comfort values; therefore, the rating may not be representative of the analyzed acceleration profile. On another note, our intention of testing during hour long sessions was to get a representative sample of vibration exposure for the vehicle and tasks; however, it is possible that our methodology did not appropriately capture the range of industrial tasks. In comparison, in the laboratory, we can create vibration profiles or choose vibration profiles from the field that are representative of typical vibration exposures, such as vibrations high in Z and low in XY and vice versa [20, 34] .
According to the ISO 2631-1 standard, discomfort ratings should include as many areas of vibration contact as possible (vehicle floor, seat-pan and seatback). We evaluated 6 df seat-pan vibrations, but we did not include vibration at the backrest or feet. These measurements might influence our prediction [30] .
To reduce task and vehicle variability during field tests, subjects can complete the same tasks in the same vehicle and rate their discomfort, thus allowing discomfort ratings from various subjects on similar vibration exposures [35] ; however, the vibration exposure varies across tasks due to the sensitivity to vehicle speed and other factors which are impossible to precisely repeat. Considering this variability, it is important to take caution when predicting discomfort in field studies. In order to further improve our understanding of the relationship between multi-axis vibration and discomfort, a more controlled study should be done in the laboratory where workplace vibrations are simulated and subjects rate their discomfort given a certain acceleration profile [34] . This way, we can control the vibration and environment more completely and we can be confident that the subjects' comfort ratings correspond to specific vibration exposure. Furthermore, we could compare comfort ratings for industrial workers who are exposed to whole-body vibration on a daily basis to subjects who are not exposed to try to determine if workers become desensitized to the vibrations.
CONCLUSIONS
ISO 2631-1 provides a method of predicting vibration discomfort by taking into account human sensitivity to different magnitudes, frequencies, directions, and durations of vibration. This prediction method may assist in determining worker performance and future injury risk. However, we observed that the ISO 2631-1 prediction method is not well correlated to subjective self-reported discomfort ratings in field studies. Discrepancies in the two methods may be influenced by the consequences of long-term exposure to WBV or by inconsistencies between vibration profiles that were rated and analyzed. We suggest extreme caution when interpreting the ISO 2631-1 discomfort predictions in field studies.
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